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ABSTRACT 


The  application  of  the  facilities  and  expertise  of  several  research 
and  development  laboratories  at  Wright-Patterson  Air  Force  Base,  as  well 
as  other  organizations,  to  the  solution  of  a  critical  Air  Force  vibration 
problem  is  described  in  this  technical  report.  Specifically,  the  develop¬ 
ment  of  a  tuned  damper  to  increase  the  service  life  of  an  aircraft  radar 
antenna  suffering  from  severe  vibration  damage  is  described.  The  resulting 
tuned  damper  was  a  wide  temperature  range  device  capable  of  operating 
satisfactorily  in  a  severe  vibrational  environment.  Criteria  necessary  for 
the  development  of  wider  temperature  range  dampers  were  established  in  the 
course  of  the  investigation. 

This  abstract  is  subject  to  special  export  controls  and  each  trans¬ 
mittal  to  foreign  governments  and  foreign  nationals  may  be  made  only  with 
the  prior  approval  of  the  Metals  and  Ceramics  Division,  MAM,  Air  Force 
Materials  Laboratory,  Wright -Patters on  Air  Force  Base,  Ohio  45433, 
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I  *  INTRODUCTION 


This  technical  report  describes  the  application  of  the  facilities 
and  expertise  of  several  Research  and  Development  Laboratories  and  Divisions 
at  Wright-Patterson  Air  Force  Base  to  the  solution  of  a  critical  Air  Force 
vibration  problem,  A  brief  historical  review  of  the  highlights  of  the  re¬ 
sulting  program  is  included  to  give  an  overview  of  the  effort  and  to  place 
the  contributions  of  the  various  organizations  in  perspective. 

The  field  problem  involved  low  cycle  fatigue  failure  of  an  aircraft 
IFF  radar  antenna.  The  failure  was  caused  by  airframe  vibrations  induced  by 
gunfire  in  the  neighborhood  of  the  antenna.  The  problem  was  brought  to  the 
attention  of  the  Air  Force  Flight  Dynamics  Laboratory  (FDFE),  early  in  1966, 
and  they  were  able  to  simulate  with  some  accuracy  the  operational  gunfire 
induced  environment,  using  a  random  shaker  system.  This  development  is 
described  in  Chapter  I  in  some  detail.  Under  this  simulated  environment, 
sample  radar  antennae  displayed  the  same  mode  of  failure ,  and  about  the  same 
time  to  failure,  as  in  the  field.  Tests  on  this  facility  also  revealed  that 
various  attempts  by  the  manufacturer  to  eliminate  the  problem  by  stiffening 
the  antenna  (see  Chapter  III)  produced  no  improvement  in  fatigue  life,  be¬ 
cause  of  the  wide  range  of  frequencies  over  which  significant  excitation 
occurred. 

Since  the  Strength  and  Dynamics  Branch  (MAMD)  of  the  Air  Force  Materials 
Laboratory  (AFML)  had  a  well  established  in-house  program  of  investigation  of 
the  effect  of  various  damping  techniques  on  the  vibrational  response  of  com¬ 
plex  aerospace  structures ,  and  in  view  of  the  apparent  urgency  of  the  matter 
FDFE  contacted  MAMD  in  February  1966  to  determine  whether  AFML  had  any  sug¬ 
gestions  which  might  lead  to  a  solution,  A  small  task  force  was  therefore 
assembled  within  MAMD  to  seek  a  solution  to  the  problem  as  quickly  as  possible. 
The  development  of  the  initial  damper  configuration  is  described  in  Chapter  IV 
and  will  not  be  discussed  further  here.  Suffice  it  to  say  that  a  specific 
damper  configuration  utilizing  a  commercially  available  viscoelastic  material 
(VPC0-15Q8O,  manufactured  by  Farbwerke  Hoechst  AG,  Frankfurt,  Germany)  had 
been  developed  by  early  March  1966  and  was  tested  in  conjunction  with  a  sample 
antenna  first  with  sinusoidal  excitation  and  finally  with  a  random  vibration 
spectrum  to  more  accurately  simulate  the  gunfire  vibration  field.  Tests  indi¬ 
cated  that  the  life  of  the  antenna  was  increased  by  a  factor  of  about  5  com¬ 
pared  with  that  for  previously  tested  undamped  antennae.  This  was  very 
promising,  but  further  testing  was  held  up  because  of  both  a  lack  of  antennae 
and  an  apparent  waning  of  interest  in  the  problem. 

However,  following  MAMD  initiated  enquiries  in  August  1966,  it  became 
clear  that  the  dampers  were  still  urgently  needed  and  the  task  force  was 
promptly  reconvened  to  complete  the  development  of  the  damper  on  a  top  pri¬ 
ority  basis.  It  had  now  become  clear  that  any  damper  design,  to  be  produced 
in  any  substantial  quantities,  would  have  to  satisfy  the  following  require¬ 
ments:  (i)  reproducible  damping  characteristics  (ii)  good  bonding  and 

(iii)  adequate  strength  to  withstand  the  operational  environment  in  all  respects. 
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The  development  program  is  described  in  Chapter  V ,  As  a  result  of  previous 
measurements  of  viscoelastic  material  properties  on  the  MAMD  damping  material 
measurement  facility,  sufficient  quantities  of  reliable  damping  and  stiffness 
data  were  available  in  early  September  1966  for  a  rational  material  choice  to 
be  made .  By  mid  September  1966,  after  several  configuration  and  material 
changes,  a  prototype  damper  had  been  made,  using  a  nitrile  rubber  selected  by 
MAMD  and  supplied  by  MANE,  which  was  effective  in  reducing  vibration  over  a 
far  wider  temperature  range  than  the  original  VPCO“15O80  damper*  On  the  basis 
of  tests  on  this  prototype,  a  mold  was  designed  and  machined  out  of  stainless 
steel. 


By  the  end  of  September  1966,  dampers  were  being  produced  with  the  mold 
and  tested  both  sinusoidally  by  MAMD  and  on  the  random  shaker  at  FDFE  using 
radar  antenna  which  had  been  received  from  the  manufacturer  earlier  in  the 
month.  After  some  initial  failures,  described  in  Chapter  V,  MANE  was  able  to 
produce  damping  material  with  sufficient  strength  to  withstand  the  operational 
environment  without  difficulty.  Five  dampers  were  then  molded,  tested  under 
sinusoidal  excitation  and  sent  for  field  testing  in  October  1966-  Field  test 
data,  received  in  January  1967,  indicated  that  the  life  of  the  radar  antenna 
on  the  aircraft  had  been  increased  by  a  factor  of  more  than  four  and  the  an¬ 
tenna  replacement  interval  increased  from  a  few  days  to  at  least  a  month. 
Further  dampers  were  made  for  field  use. 
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II.  THE  SERVICE  ENVIRONMENT  AND  ITS  SIMULATION 


A.  LOCATION  OF  ANTENNAE 


The  antenna  is  located  on  the  underside  of  the  aircraft.  Flush  mounted 
and  bolted  to  the  skin ,  it  is  situated  between  the  barrels  of  the  two  upper 
and  lower  cannons. 

The  four  cannons  are  hard  mounted.  An  examination  of  the  available 
vibration  records  disclosed  three  vibration  pickups  located  on  the  main  struc¬ 
ture  (bulkhead)  adjacent  to  the  forward  gun  mount  and  near  the  gun  blast  shield 
as  shown  in  Figures  1  and  2.  The  velocity  pickups  were  of  the  MB-124  type , 
triaxially  mounted  on  a  milled  aluminum  block.  Pickup  orientation  was  in  the 
standard  vertical,  lateral  and  longitudinal  directions,  referenced  to  the  air¬ 
craft  axes. 

The  three  pickups  represented  the  most  proximate  location  to  the  antenna 
and  recorded,  essentially,  the  vibration  response  of  the  local  structure  to 
gun  recoil. 


B.  SPECTRAL  ANALYSIS 


Two  flight  records  were  selected  and  analyzed  on  a  Minneapolis-Honeywell 
Model  9050  analyzer.  The  half-power  bandwidths  were  10  and  30  cps  over  the 
frequency  ranges  of  10  to  300  cps  and  300  to  1000  cps  respectively.  The 
analysis  frequency  range  was  between  10  cps  and  1000  cps.  This  gross  look 
provided  means  by  which  the  best  data  (unclipped)  and  the  maximum  level 
vibration  records  could  be  identified.  The  tape  loop  was  transferred  to  an 
auxiliary  playback.  A  more  detailed  spectral  analysis  was  accomplished  using 
a  Spectral  Dynamics  SDS-1Q1A  analyzer.  The  bandwidths  of  the  two  crystal 
filters  were  5  and  20  cps  and  were  selected  for  both  fine  resolution  and  for 
their  even,  rational  ratios.  The  latter  property  was  chosen  to  expedite 
bandwidth  comparisons  of  rms  outputs  during  evaluation  of  the  broad  band 
characteristics  of  the  vibration  samples . 

The  filtered  output  of  the  analyzer  was  fed  into  a  Ballantine  320  true 
rms  voltmeter.  The  voltmeter  was  placed  in  parallel  with  an  oscilloscope. 
Output  readings  of  each  filter  were  taken  from  the  Ballantine  meter;  peak 
readings  were  taken  from  the  calibrated  oscilloscope.  The  time  constant  of 
the  meter  was  approximately  one  second,  as  was  the  effective  tape  sample 
length.  The  frequency  spectrum  was  slowly  scanned-  At  intervals,  filter 
bandwidths  were  switched  and  rms  outputs  and  the  incremental  changes  were 
noted.  If  the  spectrum  were  predominantly  broadband  and  essentially  flat 
over  the  filter  bandwidths ,  one  would  expect  that  when  switching  from  5  cps 
to  20  cps,  the  rms  meter  output  would  increase  by  a  factor  of  approximately 
two.  This  is  because  the  rms  output  is  proportional  to  the  square  root  of 
the  filter  bandwidth. 

A  criterion  for  predominance  was  set  at  1.6.  That  is,  whenever  the 
metered  output  showed  an  rms  increase  of  1.6  or  greater  (when  switching  from 
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5  cps  to  20  cps)  the  sample  was  classed  as  being  predominantly  broad  band. 
Instantaneous  peak  values  were  also  noted  during  this  procedure.  In  this 
way,  samples  of  the  spectrum  were  characterized  as  being  either  predominantly 
broad  band  or,  alternatively,  falling  within  the  discrete  frequency  class. 

The  results  of  the  bandwidth  test  were  interesting.  Above  approximately 
75  cps,  filter  switching  produced,  on  the  average,  a  two  to  one  change  in  the 
rms  readouts.  Generally,  the  higher  the  frequency  the  stronger  this  broad 
band  tendency.  Conversely,  as  one  approached  approximately  20  cps  (the 
basic  firing  rate  of  the  guns),  the  bandwidth  change  showed  little  change  in 
rms  g  level;  note,  however,  that  peak  to  rms  ratios  were  about  4  to  1  in  this 
frequency  range.  Also,  peak  to  rms  ratios  were  approximately  4  to  1  in  the 
region  of  the  antenna  failure  mode.  Above  this  frequency,  values  occasionally 
ranged  as  high  as  10  to  1. 

Previous  sinusoidal  studies  had  isolated  the  antenna  failure  mode.  This 
mode,  occurring  at  approximately  490  cps,  was  well  above  the  basic  firing 
frequency.  Thus  further  evaluation  of  the  low  frequency  end  of  the  spectrum 
was  terminated.  The  remainder  of  the  spectral  studies  were  concerned  with 
the  vibration  histories  above  approximately  100  cps. 

C.  STATISTICAL  ANALYSIS 


The  bandwidth  test  is  an  indication  of  the  broad  band  characteristics  of 
the  vibration  field.  It  does  not,  however,  give  us  details  concerning  the 
distribution  of  the  amplitudes.  The  tape  loop  was  fed,  therefore,  into  a 
Quit on  Ortholog  probability  density  analyzer.  The  distribution  was  deter¬ 
mined  for  each  pickup,  first  as  a  velocity  distribution  and  then  through 
differentiation,  as  an  acceleration  distribution. 

The  analysis  properties  were  as  follows:  Averaging  time  =  1  second. 
Analysis  window  =  .la.  Window  sweep  rate  =  .02  a/sec.  Tape  length  =  1  second. 

Figure  3  shows  a  plot  of  the  probability  density  distribution  for 
velocity  and  acceleration.  For  comparison,  a  normal  or  Gaussian  distribution 
is  superimposed  over  the  figures.  Only  the  vertical  pickup  record  is  shown. 
The  remaining  two  vibration  directions  gave  similar  results. 

Compared  to  the  Gaussian  (normal)  form,  the  velocity  and  acceleration 
forms  are  slightly  skewed  to  the  left  and  right  respectively  but  both  curves 
resemble  the  normal  distribution. 

Differentiation  of  noisy  vibration  signals  tends  to  emphasize  the  peaks 
of  a  velocity  distribution.  An  examination  of  the  acceleration  curve  shows 
this  emphasis.  The  distribution  of  the  peaks  should  have  been  greater  than 
this  -  the  inhibition  of  peak  distributions  resulted  from  the  selection  of  a 
lower  filter  cutoff  frequency  (200  cps).  This  step  was  required  in  order  to 
reduce  the  probability  density  loading  tendency  (occurring  about  the  mean) 
because  low  level  noise  signals  due  to  tape  and  instrumentation  contribu¬ 
tions  were  encountered.  For  the  velocity  distribution,  the  filter  cutoff 
was  switched  to  2000  cps.  Despite  the  bandwidth  disparity  of  one  decade, 
it  is  interesting  to  note  that  the  basic  shape  of  the  acceleration  curve 
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remains  close  to  that  of  the  velocity  shape-  This  observation  suggests 
that  the  distribution  remains  essentially  constant  over  a  wide  range  of 
frequency  bandwidths. 

It  would  have  been  instructive  to  examine  the  narrow  band  probability 
density  distribution  and  the  narrow  band  instantaneous  peak  to  rms  distri¬ 
bution.  Time*  however,  did  not  permit  such  an  analysis. 


C,  SAMPLING  ERRORS 


Since  power  spectral  density  measurements  are  the  result  of  a  statisti¬ 
cal  sampling  process,  as  are  the  probability  measurements,  we  now  consider 
the  sampling  errors  involved  during  both  measurements , 


Power  Spectral  Density 

For  true  rms  measurements  and  assuming  bandwidth  limited  gaussian  noise 
with  zero  mean,  the  normalized  standard  error  for  the  mean  square  value  esti¬ 
mate  is: 


e  =  l/2v'BT‘ 

where  B  is  the  analyzer  effective  noise  bandwidth  and  T  is  the  averaging  time. 
Thus: 


e  =  1/2^20  =  0.112 
where  B  =  20  cps  and  T  *  1  second. 

From  [1]  we  note  that  if  e  <  0,2,  we  are  permitted  to  use  the  chi  square  dis¬ 
tribution  to  indicate  the  confidence  and  the  limits  of  the  estimate.  Noting 
that  n  =  4BK,  where 


n  =  degrees  of  freedom, 

B  -  analyzer  bandwith , 

K  =  T/2, 

T  “  tape  sample  length, 

and  setting  B  -  20  cps  and  K  =  1/2  sec,  we  have 

n  =  4{ 20 )/2  =  40 

Referring  to  confidence  interval  tables ,  one  notes  that  one  may  be  90%  confi¬ 
dent  that  the  measured  mean  square  acceleration  falls  within  29%  below  or  51% 
above  the  true  mean  square  value  or,  approximately,  *2  db. 

The  statistical  error,  though  not  as  small  as  desired,  is  suitable  for 
the  initial  vibration  estimate  required.  Note  that  the  lowest  error  occurs 
when  the  largest  bandwidth  (20  cps)  is  used.  The  power  spectral  density 
values  were  largely  determined  from  this  bandwidth. 
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Probability  Density 


The  error  of  the  estimate  is  more  difficult  to  state  when  using  proba¬ 
bility  density  analyzers.  Nonetheless,  by  following  current  statistical 
procedures  and  examining  the  recorded  distributions ,  we  gain  some  insight 
into  the  measurement  uncertainties  of  the  analysis  process. 

The  analyzer  is  an  RC  averager  and  the  window  (W)  sweeps  continuously 
in  the  normal  mode  of  operation. 


To  inhibit  statistical  sampling  errors,  the  sweep  rate  (S.R.)  must  be 
limited  to  the  following  criteria  £2]: 


S.R.  <  W/4K 


The  analyzer  window  width  (W)  is  equal  to  .la  and  K  is  one  second  so  that: 
S.R.  <  .025  a/sec 


In  actual  practice  the  analyzer  S.R.  was  set  to  .02  o/sec,  meeting  the  above 
requirement.  We  now  consider  the  normalized  standard  error.  From  [2]: 

e  =  0.26/  /W  p  (x)voT 

where:  _0.26  =  Empirical  constant,  T  =  Sample  length,  W  =  Analyzer  window 
width,  VQ  =  2(fc)  =  2(200)  =  400  cps,  and  p  (x)  -  probability  density  of  the 

sample.  Setting  VQ  =  400,  T  =  1  sec,  W  -  .la;  and  selecting  from  the 
velocity  record  £(x),  at  one  o,  equal  to  .12,  we  have: 

e  =  0.26/  /(.1)(0.12)(4)(100)(1)  =  0.118 

With  these  chosen  values,  the  normalized  standard  error  is  acceptably  low  - 
at  least  up  to  1  <j.  For  example,  over  this  range  of  vibration  amplitudes, 
e  _<  0.2  and  from  ref  £l]  we  conclude  that  we  may  assume  a  95%  confidence 
that  the  measured  probability  density  is  within  *2e  of  the  true  mean  value. 

At  one  o,  this  is  *24  percent. 

What  of  the  error  for  the  acceleration  probability  density  distribution? 

As  previously  mentioned,  pre-filtering  was  required, resulting  in  a  reduction 
of  the  sample  bandwidth.  Returning  to  [2]  we  select  a  modified  form  of  the 
error  equation  which  reflects  this  bandwidth  restriction. 

e  =  0.17/^(x)BT 

where:  0.17  =  Empirical  constant,  B  =  Bandwidth  =  200  cps,  T  =  same  as  before, 

p(x)  =  prob.  density  of  accel.  sample.  Repeating  the  former  steps,  we  set 
B  =  200  cps,  W  =  ,1a,  T  =  1  sec,  and"p(x),  at  one  o,  of  .15  and  obtain 

e  =  0.17//(0.1)(15)(10-2)2(102)(1)  =  0.17/1.73  =  .098 

Noting  that  e  0.2  and  referring  to  [1],  we  conclude  that  there  is  a  95% 
confidence  that  the  measured  value  is  within  approximately  20%  of  true 
sample  mean.  The  error,  at  one  a,  is  rather  high  but  acceptable.  However, 
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at  approximately  3  a  the  error  becomes  very  large*  In  fact,  our  criteria, 
e  £  0*2,  is  no  longer  met  at  large  amplitudes* 


It  should  be  noted  that  the  error  equation  is  approximate  and  does  not 
adequately  describe  errors  for  extreme  values  -  this  is  discussed  in  [2]* 

The  error  condition  at  large  o  is  probably  less  than  the  calculated  values, 
and  if  this  were  of  concern,  one  could  have  obtained  the  probability  density 
(at  extreme  values)  from  the  oscillographic  records  and  then  compared  the 
distribution  to  the  analyzer  results*  This  was  not  done,  however,  and  the 
acceleration  probability  density  curve  of  Figure  3  was  tentatively  assumed 
to  be  sufficiently  valid  for  estimation  requirements* 

To  summarize,  the  bandwidth  analysis  indicated  a  broad  band  vibrational 
field  and  the  probability  density  analysis  suggested  that  random  noise 
vibration  would  be  more  desirable  for  gunfire  simulation  than  the  other 
alternative,  namely  sinusoidal  vibration* 

The  data  from  each  of  the  three  channels  were  converted  to  mean  square 
values  and  divided  by  the  bandwidth*  The  power  spectral  density  in  g2/cps 
was  plotted  against  frequency.  The  plotted  points  were  enveloped,  leading 
to  a  vibration  spectrum  geometrically  similar  but  not  equal  to  the  spectrum 
shown  in  Figure  4  ~  the  power  spectrum  magnitudes  were  modified  as  is  ex¬ 
plained  later* 


E*  STRUCTURAL  CHARACTERISTICS 


The  pickups  were  mounted  on  the  main  structure,  at  the  gun  recoil  site. 
The  mounting  structure  of  the  antenna  appeared  similar.  Further,  impact 
tests  indicated  no  appreciable  resonances  (audible)  below  approximately 
75  cps*  It  was,  therefore,  conditionally  assumed  that  the  average  structural 
admittance  of  both  sites  was  similar. 


F*  TEST  CURVE  CORRECTION 


The  vibration  field  recorded  by  the  pickups  represents  a  very  severe 
level  -  but  perhaps  not  the  region  of  the  severest  levels ,  Since  the  antenna 
is  located  approximately  one  foot  fore  of  the  cannon  muzzles,  we  would  expect 
blast  contributions  to  be  significant,  possibly  resulting  in  a  combinational 
vibration  field  equal  to  or  greater  than  at  the  pickup  site*  Because  of  this 
unknown, and  again  assuming  structural  similitude,  we  add  approximately  2db 
to  the  envelope  of  the  gunfire  spectrum  previously  derived* 

This,  then,  resulted  in  the  gunfire  simulation  spectrum  shown  in  Figure  4, 


G*  TIME  TO  FAILURE 


A  number  of  samples  were  subjected  to  the  vibration  spectrum.  For  vibra¬ 
tion  and  spectral  shaping,  a  Ling  A-3G0B  shaker  was  used  with  a  24  channel 
equalizer.  The  acceleration  peaks  were  clipped  at  approximately  3  to  4 
times  the  rms.  Detailed  discussions  concerning  the  isolation  of  the  failure 
mode  and  the  determination  of  the  non-linear  nature  of  the  failure  response 
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(it  was  highly  non-linear)  are  beyond  the  scope  of  this  report.  However,  it 
is  important  that  the  laboratory  time-to-failure  correlate  with  service 
failure  as  a  necessary  link  in  determining  the  propriety  of  assumptions  used 
during  data  analysis  and  the  accuracy  of  the  test  spectrum  synthesized. 

Times  to  failure  (averaged  over  4  antennae)  were  approximately  four 
minutes.  In  comparison,  actual  gunfire  time  to  failure,  obtained  from  field 
reports ,  ranged  from  1  to  4  minutes . 

These  test  times  to  failure  were  considered  to  be  sufficiently  in  agree¬ 
ment  with  field  failure  times  to  warrant  the  continued  use  of  the  test 
spectrum  of  Figure  4,  This  spectrum,  therefore,  was  used  without  variation 
during  the  development  of  the  dynamic  damper. 
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Ill*  THE  VIBRATIONAL  PROBLEM  AND  POSSIBLE  SOLUTIONS 


A,  VIBRATIONAL  CHARACTERISTICS  OF  THE  UNDAMPED  ANTENNA  UNDER  LOW 
INTENSITY  SINUSOIDAL  EXCITATION 


The  basic  antenna  geometry  is  illustrated  in  Figures  5  and  6*  In  order 
to  determine  the  nature  of  the  response  characteristics  of  the  antenna  in 
some  detail,  the  antenna  was  attached  to  an  electro-dynamic  shaker  by  means 
of  a  simple  fixture  and  an  accelerometer  was  attached  to  the  Inner  surface 
as  shown  In  Figure  5-  It  is  seen  from  the  typical  response  spectra  shown 
in  Figure  7  that  the  response  is  essentially  unimodal,  with  a  single  reso¬ 
nant  frequency  occurring  at  about  490  cps ,  having  an  amplification  factor 
of  about  30-  The  vibrational  mode  is  predominantly  diaphragmatic  with  the 
electrical  connector,  the  bulkhead  connector  and  the  center  of  the  flush- 
mounted  glass-  fiber  surface  vibrating  in  phase  at  a  frequency  of  about 
490  cps-  The  region  of  highest  cyclic  surface  stress  in  on  the  interior, 
at  the  edge  of  the  dish-like  inner  surface  and  this  is  where  the  fatigue 
failures  tended  to  occur,  as  shown  in  Figures  5  and  8-  The  cyclic  stresses 
at  most  other  points  were  small. 


B.  DAMPING  TECHNIQUES  AND  THEIR  APPLICABILITY 


It  has  long  been  customary  in  the  aerospace  Industry,  when  one  is  con¬ 
fronted  with  a  severe  vibrational  problem,  to  follow  the  following  general 
procedure;  (i)  stiffen  the  structure  and/or  Cii)  add  a  surface  damping 
treatment  consisting  of  a  layer  of  some  readily  available  viscoelastic  ma¬ 
terial*  In  many  cases,  of  course,  one  or  other  of  these  ad  hoc  approaches 
deals  adequately  with  the  problem  and  the  matter  is  forgotten-  The  parti¬ 
cular  problem  presently  under  consideration,  however,  is  very  much  akin  to 
the  classical  acoustical  fatigue  problem  Insofar  as  the  excitation  covers 
so  wide  a  band  of  frequencies  that  stiffening  the  structure  cannot  get  one 
out  of  the  range  of  significant  excitation  and,  in  addition,  only  the  most 
careful  use  of  damping  is  of  any  value. 

Various  attempts  to  stiffen  the  antenna  were  made  by  the  manufacturer* 

One  attempt  at  a  solution  to  the  problem  involved  filling  the  antenna  with 
a  polystyrene  type  foam,  the  effect  of  which  was  to  raise  the  resonant 
frequency  to  about  670  cps  and  increase  the  amplification  factor  to  about  40. 
In  tests  under  the  simulated  operational  environment  performed  at  the  Flight 
Dynamics  Laboratory,  no  improvement  in  fatigue  life  was  noted.  Another 
attempt  to  stiffen  the  structure  involved  the  joining  of  the  arm  of  the 
electrical  connector  to  the  outer  rim  by  means  of  a  welded  clamp.  The 
fatigue  life  was  not  improved,  A  glance  at  the  excitation  spectrum  under 
the  simulated  environment  in  Figure  4  shows  that  one  would  have  to  raise  the 
resonant  frequency  to  at  least  1000  cps  in  order  to  lie  outside  the  range  of 
significant  excitation,  so  that  the  stiffening  techniques  adopted  were  never 
likely  to  succeed. 
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Surface  damping  treatments  depend  for  their  effectiveness  on  the  exis¬ 
tence  of  large  areas  of  high  cyclic  strain  on  the  surface.  In  this  instance, 
since  the  mode  of  vibration  was  predominantly  diaphragmatic,  no  large  strains 
existed  anywhere  apart  from  the  small  region  near  the  rim  where  failure 
occurred.  For  this  reason,  no  surface  damping  technique  was  usable. 

The  only  significant  response,  in  fact,  was  at  the  electrical  connector 
and  bulkhead.  Therefore,  the  only  damping  techniques  likely  to  be  of  use 
were  those  utilizing  this  amplitude  of  vibration.  The  only  such  techniques 
known  are  the  viscoelastic  link  [3,4]  and  the  tuned  damper  [3,5,6].  The  visco¬ 
elastic  link  technique  could  not  be  used  since  there  appeared  to  be  no  place 
to  which  the  link  could  be  readily  connected.  On  the  other  hand,  adequate 
space  existed  around  the  electrical  connector  for  a  small  tuned  damper  to  be 
located.  The  development  of  a  tuned  viscoelastic  damper,  attached  around  the 
electrical  connector,  was  therefore  made  the  aim  of  the  investigation. 
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IV.  INITIAL  DAMPER  DESIGNS  AND  THEIR  TESTING 


The  initial  damper  designs  were  built  on  a  largely  ad  hoc  basis,  utili¬ 
zing  viscoelastic  materials  readily  available  within  MAMD  regardless  of 
whether  they  were  the  best  possible  materials  for  the  job  or  not.  The  pur¬ 
pose  of  this  policy  was  to  gain  insight  into  the  actual  material  properties 
needed  to  achieve  high  damping  over  a  wide  temperature  range  and  the  ability 
to  withstand  the  simulated  and  operational  environments  in  all  respects . 

A.  PROTOTYPE  1 

The  first  material  to  be  seriously  considered  was  a  polyvinyl 
chloride  copolymer  known  as  VPCO-15080,  manufactured  by  Farbwercke  Hoechst 
AG,  Frankfurt,  Germany.  Some  samples  of  the  material  were  available  in  MAMD 
in  sheets  about  0.1  inch  thick  and  the  damping  properties,  described  in 
reference  [7]  and  drawn  out  in  Figure  9,  appeared  to  be  suitable  for  opera¬ 
tion  at  temperatures  up  to  150°F ,  which  was  the  initial  target  temperature. 

A  damper  of  the  geometry  shown  in  Figure  10  was  designed  and  built  by  MAMD. 

This  geometry  formed  the  basis  for  all  subsequent  damper  designs.^  Two 
layers  of  VPCO-15080  were  joined  by  means  of  Eastman  910  (A  modified  cyano¬ 
acrylate  monomer  modified  with  a  thickening  agent  and  plasticizer,  supplied 
by  Armstrong  Cork  Co.  and  Eastman  Chemical  Products,  Inc.)  cement  and  the 
material,  cut  to  shape  as  shown,  was  attached  to  the  inner  brass  clamp  by 
means  of  the  same  adhesive.  A  brass  tuning  mass  was  then  attached  to  the  outer 
surfaces  of  the  viscoelastic  material.  Various  tuning  masses  were  used  and, 
for  each,  the  damper  was  attached  to  the  electrical  connector  by  means  of  the 
inner  clamp  and  the  connector  was  then  attached  to  the  antenna  as  in  Figure  11. 

Using  the  miniature  accelerometer  attached  to  the  inner  surface  of 
the  antenna,  frequency  response  curves  were  obtained  for  various  harmonic 
input  acceleration  levels,  temperatures  and  tuning  masses.  Typical  response 
spectra  for  the  antenna  with  and  without  a  damper  are  shown  in  Figure  12 . 

A  typical  graph  of  amplification  factor  A,  defined  as  the  ratio  of  the 
greatest  resonant  response  acceleration  to  the  input  acceleration,  against 
temperature  for  a  tuning  mass  of  50  grams  is  shown  in  Figure  13.  It  was 
found  that  a  50  gram  tuning  mass  gave  the  best  overall  reduction  of  response 
in  the  temperature  range  50°F  to  150°F ,  and  the  damper  with  this  particular 
mass  was  selected  for  further  testing  under  the  simulated  operational 
environment . 

Under  continuous  random  excitation  the  VPC0  damper  performed  well 
for  about  15  minutes  without  failure,  and  the  test  was  stopped  at  this  point. 
This  was  due  to  the  fact  that  the  damper  heated  up  excessively  and  the 
material  became  too  soft.  It  was  recognized  only  later  that  a  more  accurate 
simulation  of  the  operational  environment  would  be  bursts  of  not  more  than 
30  seconds  of  random  excitation  with  rest  periods  between  bursts.  This  more 
realistic  testing  procedure  reduced  temperature  rises  in  the  material.  The 
fact  that  the  VPCO  damper  even  held  together  for  15  minutes  under  this 
severe  overtesting  implied,  therefore,  that  it  would  probably  have  worked 
W0H  under  the  more  realistic  burst  excitation  conditions. 
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Even  so,  however,  the  damper  was  not  entirely  satisfactory  since 
(i)  supplies  of  the  material  were  limited  and  a  great  deal  of  time  might 
have  been  lost  trying  to  obtain  more  from  Germany,  (ii)  the  proper  adhe¬ 
sives  to  give  a  completely  trustworthy  bond  at  temperatures  up  to  150°F 
were  not  known  and  (iii)  the  resonant  amplification  factor  increased 
rapidly  at  temperatures  below  50°F  and  above  150°F,  a  possibly  serious 
matter  in  the  event  of  aircraft  utilization  outside  this  range.  While, 
therefore,  this  initial  damper  design  was  a  partial  success  further  efforts 
were  made  to  find  more  satisfactory  viscoelastic  materials. 

It  became  clear  from  tests  on  these  prototype  dampers  that  the 
variables  involved,  namely  (i)  tuning  mass,  (ii)  viscoelastic  element  di¬ 
mensions  and  (iii)  material  properties  were  too  great  in  number  for  a  simple 
design  procedure  to  be  adopted.  A  great  simplification  could  be  achieved, 
however,  if  the  material  damping  properties  were  simple  functions  of  tem¬ 
perature,  preferably  varying  very  little.  For  this  purpose,  the  ideal 
material  would  have  a  high  loss  factor,  not  less  than  0.2,  and  a  Young's 
modulus,  or  shear  modulus,  which  did  not  vary  rapidly  with  temperature  in 
the  range  of  interest.  It  is  evident  that  the  VPCO- 15080  material  did  not 
satisfy  this  requirement.  In  general,  the  operating  temperature  range 
should  lie  within  the  so-called  "rubbery"  phase  of  the  viscoelastic  material 
which  lies  above  the  glass -transit ion  temperature.  The  search  for  materials 
for  which  the  rubbery  region  lies  within  the  temperature  range  of  50°F  to 
200°F  will  be  discussed  in  the  next  chapter. 
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V. 


PROTOTYPE  AND  PRODUCTION  DAMPER  DESIGNS  USING  NITRILE  RUBBERS 


A.  PROTOTYPE  2 


In  view  of  the  considerations  discussed  in  the  previous  chapter,  a 
damping  material  was  sought  which  had  a  Young’s  modulus  as  nearly  independent 
of  temperature  as  possible  in  the  range  50°F  to  200° F  and  as  high  a  loss 
factor  as  possible.  The  most  promising  material  initially  found  was  the  very 
high  acrilonitrile  containing  rubber  known  as  Paracril-D,  manufactured  by  the 
U.S.  Rubber  Company.  The  formulation  used  is  given  in  Table  1.  This 
material  is  resistant  to  oils,  gasoline  and  many  acids  so  that  this  environ¬ 
mental  problem,  at  least,  did  not  have  to  be  taken  into  account.  The  damping 
properties  of  Paracril-D, measured  by  MAMD  just  prior  to  the  materials  search  [8,9 j, 
are  illustrated  in  Figure  14.  It  is  seen  that  the  Young's  modulus  changes  by 
a  factor  of  about  2  only,  between  80°F  and  200°F,  compared  with  a  factor  of 
about  10  for  VPC0-15080  over  the  same  temperature  range. 

Using  sheets  of  Paracril-D  cured  with  dicumyl  peroxide,  supplied  by  MANE, 
a  damper  of  the  geometry  shown  in  Figure  15  was  hand  built  by  MAMD  using 
Eastman  910  cement  as  an  adhesive.  On  the  basis  of  the  experience  acquired 
previously,  a  tuning  mass  of  45  grams  was  chosen  and  was  found  to  give 
acceptable  damping  performance.  Response  measurements  were  made  in  the  usual 
manner  and  graphs  of  amplification  factor  against  temperature  are  plotted  in 
Figure  16(a).  It  is  seen  that  amplification  factors  of  less  than  10  were 
obtained  over  a  100°F  temperature  range,  compared  with  only  about  70°F  for 
the  VPCO-15080  damper.  It  was  thought  that  the  performance  could  be  improved 
further  by  reducing  the  tuning  mass  to  35  grams ,  a  fact  which  was  confirmed 
when  a  mold  specimen  was  manufactured  as  described  for  Prototype  3.  The 
design  was  frozen  at  this  point,  and  an  effort  was  made  to  refine  the  fabri¬ 
cation  procedure  to  ensure  damper  uniformity  and  reproducibility . 

A  single  cavity  mold  was  designed  to  allow  for  precision  molding  and 
bonding  of  four  separate  blocks  of  viscoelastic  material  between  the  inner 
brass  clamp  and  the  outer  brass  tuning  masses.  The  mold,  illustrated  in 
Figure  17,  consists  of  a  base  plate  with  spacers,  a  centrally  located  remov¬ 
able  post  to  position  and  locate  the  clamp,  a  retaining  plate  which  positions 
the  outer  tuning  masses  and  a  top  mold  plate. 

The  assembly  of  the  base  plate,  the  retaining  plate  and  the  post  is  shown 
in  Figure  17.  The  four  elastomer  mold  cavities  are  provided  automatically  as 
the  brass  pieces  are  placed  in  position.  Fabrication  of  the  damper  was  accom¬ 
plished  by  placing  the  uncured  elastomer  in  the  cavities  and  molding  in  a 
hydraulic  press  at  a  predetermined  pressure  and  temperature.  The  stainless 
steel  mold  and  brass  components  were  pre-treated  to  ensure  proper  bonding  of 
the  elastomer  and  brass  components.  The  finished  damper,  as  it  is  removed 
from  the  mold,  is  also  shown  in  Figures  18  and  19. 

Minor  modifications  were  later  made  to  both  mold  and  tuning  masses  in 
order  to  compensate  for  stiffen  viscoelastic  materials ,  relieve  stress  con¬ 
centrations  at  the  elastomer  -  brass  bond  and  to  increase  the  bonding  area. 

These  changes  will  be  discussed  in  the  appropriate  sections. 
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B.  PROTOTYPE  3 


On  the  basis  of  the  frozen  design,  illustrated  in  Figure  19,  a  mold  was 
prepared  as  already  discussed  and  all  future  dampers  were  made  by  curing  the 
viscoelastic  material,  under  high  temperature  and  pressure,  in  the  mold  so 
as  to  obtain  a  far  better  bond  to  the  metal  surface  than  could  be  achieved 
with  normal  adhesives.  The  metal  from  which  the  inner  clamp  and  the  tuning 
mass  had  been  machined,  in  most  of  the  hand-made  dampers,  was  brass. 

Hitherto,  this  choice  had  been  made  only  because  of  the  convenience  and  ease 
of  working  associated  with  this  metal  but  the  choice  was  now  particularly 
appropriate  since  many  nitrile  rubber  formulations  can  be  simultaneously 
cured  and  bonded  to  brass  without  auxiliary  adhesives.  The  first  Paracril-D 
mold  specimen  was  cured  using  a  sulfur  curing  system  without  an  adhesive . 

It  was  found,  however,  that  the  bond  was  inadequate  and,  on  the  next  attempt, 
the  brass  surfaces  were  (i)  sand  blasted  using  medium  particle  size  flint 
shot,  (ii)  the  embedded  particles  were  removed  by  means  of  a  stream  of  tap 
water  and  an  oil-removing  solvent  such  as  acetone  or  methyethyl  ketone  and 
(iii )  wiped  dry  with  a  clean  piece  of  cheese  cloth.  A  commercial  adhesive 
(Chemlok  220,  manufactured  by  the  Hughson  Chemical  Company)  was  then  applied 
to  the  surfaces  to  be  bonded.  Care  was  taken  to  avoid  touching  the  cleaned 
surfaces  with  the  hand.  If  the  surfaces  were  particularly  rough,  two  appli¬ 
cations  were  made. 

When  the  adhesive  had  touch  dried,  the  brass  components  of  the  damper 
were  placed  in  position  in  the  cold  mold,  the  uncured  Paracril-D  was  pressed 
into  the  appropriate  spaces  and  the  entire  mold  unit  was  put  into  a  press  at 
a  temperature  of  310°F  and  a  pressure  of  100  psi  for  30  minutes.  The  cured 
dampers  were  then  removed  from  the  hot  mold  and  dropped  into  water  to  cool 
them  rapidly  and  prevent  further  high  temperature  curing. 

For  ready  identification,  the  mold  specimens  were  designated  TD-1,  TD-2 

and  so  on.  Of  the  first  two  mold  specimens,  TD-1  and  TD-2,  TD-1  was  defec¬ 

tive  and  TD-2  was  tested  under  sinusoidal  excitation  in  the  usual  manner. 

The  graph  of  amplification  factor  against  temperature  for  a  10-g  input  level 

only  is  shown  in  Figure  16(b).  When  a  strip  of  brass  weighing  5  grams  was 

added  to  each  tuning  mass  by  means  of  Eastman  910  cement  the  amplification 
factor  values  were  found  to  lie  along  the  same  curve  as  that  of  prototype  2 , 
as  seen  in  Figure  16(a),  indicating  that  the  mold  specimens  were  indeed 
accurate  copies  of  Prototype  2  apart  from  the  new  tuning  mass  of  35  grams. 

It  will  be  noted  that,  for  TD-2,  the  amplification  factor  was  less  than 
10  between  80°F  and  200°F  at  the  10-g  input  level,  a  120°F  temperature  range. 
For  this  reason,  there  is  little  doubt  that  a  damper  utilizing  Paracril-D 
could  have  been  built  to  operate  effectively  under  the  operational  environ¬ 
ment  but  another  related  material,  namely  Paracril-BJ,  performed  so  much 
better  that  the  effort  was  now  concentrated  on  that  material. 
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C,  PROTOTYPE  4 


The  measured  data  for  TD-2,  shown  in  Figure  16(b),  indicates  that  the 
amplification  factor  is  less  than  10  between  80°F  and  200° F  and  such  per- 
formance  appeared  to  be  acceptable.  However,  it  was  thought  that  a  small 
extra  margin  of  safety  in  the  form  of  reduced  amplification  factors  below 
80°F  would  be  useful-  For  this  purpose,  a  medium  acrilonitrile  rubber, 
known  as  Paracril-BJ,  was  considered-  At  the  time  no  data  concerning  the 
damping  properties  of  Paracril-BJ  was  available,  but  it  was  thought  that, 
as  the  glass  transition  temperature  was  somewhat  lower  than  that  of 
Faracril-D,  the  general  effect  would  be  a  shift  of  the  amplification  factor 
versus  temperature  curve  to  the  left-  The  next  seven  specimens,  TD^3  to  9, 
were  therefore  made  using  Paracril-BJ,  in  exactly  the  same  way  as  for  Pars¬ 
er  il-D  and  shaker  tested  in  the  usual  manner.  Typical  values  of  the  ampli¬ 
fication  factor  at  various  temperatures  are  plotted  in  Figures  20,  21  for  TD~3 
and  4.  It  is  seen  that  the  performance  change  is  significant  and  the  tem¬ 
perature  range  for  which  the  amplification  factor  falls  below  10  is  now  from 
30 °F  to  200°F-  The  increased  temperature  range  of  measurements  for  TD-4  was 
obtained  by  placing  an  environmental  chamber  over  the  specimen  in  the  shaker. 

An  explanation  for  the  remarkable  improvement  in  the  damping  performance 
of  the  dampers  with  Paracril-BJ  would  not  be  amiss  and,  for  this  reason, 
the  damping  properties  of  Paracril-BJ  were  subsequently  evaluated  by  MAMD 
and  provisional  results  are  plotted  in  Figure  22.  It  is  seen  that,  while  the 
data  is  somewhat  similar  to  that  for  Paracril-D,  significant  differences 
occur,  namely  (i)  between  about  50°F  and  200° F  the  rate  of  change  of  Young rs 
modulus  with  temperature  is  much  lower  than  for  Paracril-D,  (ii)  the  rate  of 
change  of  Young's  modulus  with  temperature  near  the  glass  transition  tempera¬ 
ture  is  far  greater  than  for  Paracril-D  and  (ili)  the  peak  loss  factor  is  far 
higher  than  for  Paracril-D  and  varies  far  more  rapidly  with  temperature  in 
the  vicinity  of  the  glass  transition  temperature. 

One  of  the  dampers  was  now  taken  to  the  random  shaker  facility  and  tested 
under  the  simulated  operational  environment.  The  specimen  failed  rapidly  in 
shear  across  the  center  of  a  viscoelastic  element-  Failure  was  due  to  inade¬ 
quate  strength  of  the  material  and  it  was  necessary  to  take  steps  to  increase 
this  strength.  This  could  be  accomplished  by  adding  Carbon  or  Polystyrene 
to  the  Paracril-BJ  blend  prior  to  curing.  Of  the  dampers  TD-3  to  TD-9  made 
previously,  one  was  kept  for  future  testing,  another  was  remade  using 
Paracril-BJ  containing  50  PHR  (parts  per  hundred  parts  rubber)  super  abrasive 
furnace  carbon  black  (SAF  black),  another  (TD~7)  was  remade  using  Paracril-BJ 
with  10  PHR  Polystyrene  and  the  remainder  were  set  aside-  The  damper  con¬ 
taining  Paracril-BJ  with  50  PHR  Carbon  was  tested  first. 


D.  PROTOTYPE  5 


The  damper  containing  Paracril-BJ  with  50  parts  PHR  Carbon,  to  the  formu¬ 
lation  given  in  Table  2,  was  of  the  same  geometry  as  Prototype  3.  The  sinu¬ 
soidal  vibration  tests  indicated  that  the  amplification  factors  at  resonance 
were  far  higher  than  those  for  Prototype  4  and  little  testing  was  carried  out 
for  this  reason.  The  available  data  is  plotted  in  Figure  23, taken  in 
subsequent  measurements-  The  damper  failed  under  the  simulated  random 
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environment,  due  probably  to  the  high  amplification  factors.  Subsequent 
evaluation  of  the  damping  properties  of  Paracril-BJ  with  50  parts  PHR  Carbon, 
illustrated  in  Figure  24,  show  that  the  reason  for  this  poor  performance  is 
the  fact  that  the  carbon  increased  the  Young's  modulus  of  the  material  (and 
also,  presumably,  the  shear  modulus)  over  the  operating  temperature  range. 

Re- tuning  could  have  been  achieved  by  increasing  the  tuning  mass  but  this' 
would  have  involved  re-making  the  mold,  a  solution  which  was  not  willingly 
accepted.  Strength  measurements  indicated  that,  at  room  temperature,  the 
tensile  strength  of  Paracril-BJ  was  about  600  psi,  that  of  Paracril-BJ  with 
25  parts  PHR  Carbon  was  roughly  doubled  and  that  of  Paracril-BJ  with  50 
parts  PHR  Carbon  was  roughly  tripled.  It  was  therefore  decided  instead  to 
evaluate  the  performance  of  a  damper  using  only  25  parts  PHR  carbon  in  the 
Paracril-BJ  since  it  was  thought  that  this  particular  material  blend  had  suf¬ 
ficient  strength  and  would  not  affect  the  amplification  factors  so  severely. 
This  particular  damper,  which  turned  out  after  modification  to  be  the  most 
successful,  will  be  discussed  presently. 


E.  PROTOTYPE  6 


Prior  to  the  making  of  the  damper  utilizing  Paracril-BJ  with  25  parts  PHR 
Carbon,  the  damper  TD-7  utilizing  Paracril-BJ  with  10  parts  PHR  Polystyrene 
was  tested.  Again,  the  geometry  was  the  same  as  that  for  Prototype  3.  The 
measured  amplification  factors  for  various  temperatures  and  input  accelera¬ 
tions  are  plotted  in  Figure  25.  It  is  seen  that  the  effect  of  the  Polysty¬ 
rene  was  to  reduce  the  amplification  factors  between  50°F  and  200°F,  with 
less  change  below  50°F.  This  is  due  to  the  fact  that  the  Polystyrene  has  a 
high  glass  transition  temperature  and  would  tend  to  increase  the  loss  factor 
of  the  material  slightly  at  high  temperatures.  The  damper  TD-7  was  then 
tested  under  the  simulated  operational  environment  and  failed  in  a  few  seconds 
indicating  that  the  Polystyrene  had  not  significantly  increased  the  material 
strength.  This  particular  material  was  not  investigated  further  for  this 
reason. 


F .  PROTOTYPE  7 


The  re-made  dampers  TD-5  and  TD-8,  utilizing  Paracril-BJ  with  25  parts 
PHR  Carbon,  were  now  evaluated  under  sinusoidal  excitation  at  10  and  20  g 
input  levels  in  the  usual  manner.  TD-6  was  remade  but  was  not  tested  since 
the  results  for  TD-5  and  TD-8  were  sufficiently  consistent,  as  is  seen  in 
Figure  26.  It  is  seen  that,  for  Prototype  7,  the  amplification  factors  were 
less  than  10  between  100°F  and  250°F  at  the  10-g  input  level.  The  degrada¬ 
tion  in  performance,  relative  to  Prototype  4  using  Paracril-BJ,  is  due  to  the 
effect  of  the  carbon  on  the  stiffness  of  the  material.  The  increased  stiffness 
properties  of  the  material,  evaluated  subsequently  by  MAMD,  are  shown  in 
Figure  27.  The  general  increase  of  stiffness  relative  to  that  of  Paracril-BJ 
will  be  noted.  The  damper  could  be  re-tuned  by  increasing  the  tuning  mass, 
as  was  considered  for  the  dampers  using  Paracril-BJ  with  50  parts  PHR  Carbon, 
but  this  was  not  possible  without  altering  the  mold,  which  would  be  both  time 
consuming  and  expensive.  An  alternative  procedure  for  re-tuning  was  adopted 
to  produce  Prototype  8  and  this  will  be  discussed  presently. 
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However,  the  damping  performance  of  Prototype  7,  while  not  as  good  as 
that  of  Prototype  4,  was  still  considered  to  be  reasonable  and  the  dampers 
TD-5  and  TD-6  were  consequently  tested  on  the  Random  Shaker  Facility  to 
determine  whether  the  strength  problem  had  been  solved,  or  not,  before  any 
further  design  changes  were  made. 

For  TD-5,  under  continuous  random  excitation,  the  damper  lasted  for  105 
seconds  and  the  damper  material  temperature  had  risen  from  100°F  to  175°F 
when  the  test  was  stopped.  This  high  temperature  was  the  cause  of  failure, 
since  the  strength  of  the  material  decreased  with  rising  temperature.  In 
view  of  this,  TD-6  was  subjected  to  the  excitation  in  short  bursts  in  order 
to  simulate  more  accurately  the  actual  operational  conditions.  The  first 
burst  was  13  seconds  long  and  was  followed  by  nine  bursts  each  30  seconds 
long,  during  which  the  temperature  rose  to  about  130°F  and  sufficient  rest 
was  allowed  between  bursts  for  the  temperature  to  fall  to  1G0°F*  This  was 
followed  by  bursts  of  60  seconds  each,  during  which  the  temperature  rose  to 
the  higher  figure  of  about  150°F,  Again,  rest  periods  were  allowed  for  the 
temperature  to  fall  to  100°F  between  bursts.  After  a  total  testing  time  of 
5  minutes  and  43  seconds,  a  crack  was  noticed  close  to  the  rubber  to  brass 
bond  at  a  corner  of  one  of  the  viscoelastic  elements.  This  crack  traveled 
very  slowly  under  the  sixty  second  burst  conditions  and  had  traveled  about 
half  way  across  the  material  element  when  the  test  was  stopped  after 
8  minutes  and  43  seconds.  This  lifetime  was  not  exceptionally  great,  but 
it  did  demonstrate  the  great  increase  in  strength  of  the  rubber  and  enabled 
a  number  of  necessary  design  changes  to  be  identified.  These  were,  (i)  the 
use  of  rectangular  rubber  elements  caused  stress  concentrations  at  the 
corners,  which  could  be  eliminated  by  curving  the  free  edges,  Cii)  the  vibra¬ 
tion  levels  could  be  reduced  somewhat  if  the  amplification  factor  were  reduced 
by  re- tuning  the  damper  properly  and  (iii)  shear  strains  should  be  reduced  as 
much  as  possible.  Items  (ii)  and  (iii)  could  be  accomplished  by  increasing 
the  material  thickness,  as  is  discussed  for  Prototype  8. 


G*  PROTOTYPE  8 


In  view  of  the  information  derived  from  Prototype  7,  the  mold  was  slightly 
modified  to  give  a  finite  radius  along  the  free  edges  of  the  viscoelastic 
material  elements,  and  in  order  to  reduce  the  stiffness  of  the  viscoelastic 
elements  and  reduce  the  shear  strain,  slots  were  machined  out  of  the  tuning 
masses  to  accommodate  deeper  material  elements ,  The  new  geometry  is  illus¬ 
trated  in  Figures  28  to  31,  and  this  was  the  geometry  finally  adopted  for 
all  subsequent  dampers.  Again,  the  material  used  was  Paracril-BJ  with  25 
parts  carbon.  The  dampers  TD-6,  TD-8  and  TD-9  were  re-machined  to  this  new 
geometry  and  tested  under  sinusoidal  excitation  as  usual.  Graphs  of  amplifi¬ 
cation  factor  against  temperature  of  input  levels  of  !0-g  and  20-g  are  shown 
in  Figure  32.  It  Is  seen  that  the  effect  of  reducing  the  stiffness  of  the 
viscoelastic  elements  is,  as  would  be  expected,  much  the  same  as  for  increas¬ 
ing  the  tuning  mass.  However,  no  change  in  the  mold  geometry  was  involved. 

The  dampers  were  then  subjected  to  the  simulated  operational  environment. 
TD-8  was  subjected  to  30  second  bursts  of  random  excitation  with  rest  periods 
between  each  burst  to  allow  the  viscoelastic  material  temperature  to  return 
to  100°F,  At  the  end  of  each  burst,  the  material  temperature  had  risen  to 
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about  125°F .  The  damper  failed  after  about  6  minutes  due  to  a  failure  in 
the  adhesive.  TD-9  was  then  subjected  to  the  same  environment.  For  the 
first  10  minutes,  the  material  was  allowed  to  return  to  100°F  after  each 
burst  and  rose  to  about  120°F  during  each  burst.  For  the  next  10  minutes, 
the  temperature  was  allowed  to  fall  only  to  120°F  between  bursts  and  peak 
temperatures  near  the  end  of  each  burst  reached  about  135°F.  For  the  last 
10  minutes,  the  temperature  was  allowed  to  fall  to  about  130°F  between  bursts 
and  peak  temperatures  reached  over  140°F.  The  damper  had  not  failed  at  the 
end  of  this  time  and  the  test  was  discontinued  since  it  was  clear  that, 
excluding  failure  due  to  poor  adhesion,  no  trouble  would  be  encountered.  Care 
was  subsequently  taken  to  ensure  that  adhesion  was  perfect  for  each  damper 
and  doubtful  dampers  were  remolded. 

It  was  now  clear  that ,  with  careful  bonding ,  the  design  was  performing 
satisfactorily  for  long  periods  of  time  under  the  properly  simulated  opera¬ 
tional  environment.  The  dampers  TD-10  onwards  were  therefore,  to  all  intents 
and  purposes,  production  dampers  and  no  further  design  changes  were  made.  An 
antioxidant  was  added  to  the  rubber  used  in  all  production  dampers  to  protect 
it  from  possible  oxidation  degradation. 

The  first  batch  of  dampers  comprised  TD-10  through  TD-17  inclusive,  and 
these  were  tested  under  sinusoidal  excitation.  Dampers  TD-11,  12,  13,  15  and 
17  were  sent  for  field  testing  in  October  1966  and,  on  the  basis  of  field  test 
data  returned  in  January  1967,  more  dampers  were  manufactured.  Graphs  of  the 
amplification  factor  against  temperature  for  several  input  acceleration  levels 
are  plotted  in  Figures  33  and  34  for  the  dampers  measured. 
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VI.  FIELD  TESTS 


On  12  October  1966,  five  tuned  dampers  were  sent  for  field  testing. 
Included  in  the  package  with  the  dampers  was  a  letter  of  explanation,  instruc¬ 
tion  sheets  and  data  forms  for  the  reporting  of  test  results . 

On  26  January  1967,  field  test  data  was  returned  to  MAMD.  Apparently, 
no  problems  with  installation  had  been  encountered,  indicating  that  the  design 
of  the  dampers  was  satisfactory  in  that  respect. 

Detailed  analysis  of  the  returned  field  test  data  form  by  MAMD  revealed 
several  interesting  features.  Principal  among  these  were  the  durability  of  the 
dampers  themselves  and  the  high  variability  between  the  results  for  the  dif¬ 
ferent  dampers. 


The  variation  between  the  lives  of  the  various  damper  antenna  combina¬ 
tions  was  high,  ranging  from  41.6  hours  to  over  105.5  hours  but,  in  general, 
it  was  possible  to  relate  these  figures  to  the  performance  of  the  individual 
dampers  under  sinusoidal  excitation.  For  example,  TD-11  had  the  highest  ampli¬ 
fication  factor  at  resonance  and  also  gave  the  shortest  antenna  life. 

Figure  35  shows  a  graph  of  the  resonance  amplification  factor  A  against  tem¬ 
perature  at  a  20-g  input  level  and  Figure  36  shows  the  antenna  life  in  hours 
as  functions  of  this  amplification  factor.  It  is  seen  that,  although  the 
number  of  points  is  small,  a  characteristic  S-N  curve  is  produced.  The 
laboratory  data  marked  corresponds  to  all  measurements  taken  in  the  temperature 
range  80°F  to  170°F ,  within  which  the  performance  of  the  dampers  did  not  vary 
greatly  with  temperature.  It  was  thought  that  the  true  operating  temperature 
would  lie  within  this  range . 
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VII.  CONCLUSIONS 


The  main  conclusions  arrived  at  as  a  result  of  the  tuned  damper 
development  program,  apart  from  the  solution  of  the  field  problem  it¬ 
self,  are: 

(i)  It  is  possible  to  produce  tuned  damping  devices  which  will 

effectively  reduce  vibration  damage  in  a  structure  over  a  wide 
range  of  temperatures  by  utilizing  the  visco-elastic  material 
in  the  so-called  nrubbery  region.11 

(ii)  That  adequate  strength  can  be  introduced  into  the  material  and 
the  bonds  to  withstand  a  very  severe  vibrational  environment. 
This  can  be  accomplished  by  modification  of  the  visco-elastic 
material,  suitable  primers  and  adhesives  and  by  giving  atten¬ 
tion  to  the  geometry  in  detail. 
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TABLE  I 


Nitrile  Rubber  Formulations 


Prototype  Damper  Number 


Material 

5 

6 

7 

8 

9 

10 

11 

Paracril-D 

100 

100 

Paracril-BJ 

100 

100 

100 

100 

100 

Polystyrene 

10 

Zinc  Oxide 

10 

10 

10 

10 

10 

10 

10 

Dicumyl  Peroxide 

3 

Stearic  Acid 

1.5 

Sulfur 

1.5 

1.5 

1*5 

1*5 

1.5 

1.5 

Benzothiozyl  Disulphide 

1.5 

1.5 

1-5 

1*5 

1.5 

1.5 

Antioxidant  2246* 

1.0 

SAF  Black 

50 

25 

25 

Cure  Temp.  °F 

280 

310 

310 

310 

310 

310 

310 

Cure  Time,  mins 

60 

30 

30 

30 

30 

30 

30 

^American  Cyanamid  Co*  trademark  for  2,2 1 -methylenebis  ( 4-methyl-6- 
tertiary -butyl  phenol )- 
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Figure  1.  Longitudinal  Spatial  Relationships  of  Vibration  Pickup  Antenna 
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Figure  2,  Relative  Locations  of  Cannon,  Pickups  and  Antenna 
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Figure  3.  Probability  Density  Distribution  of  F-100  Gunfire  Record 
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Figure  4.  Derived  Broad-Band  Random  Spectrum 
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Figure  5.  Schematic  of  Radar  Antenna 
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Figure  6,  Photograph  of  Antenna 
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Figure  7.  Typical  Response  Spectra  For  Undamped  Antenna 
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Figure  8*  Failure  in  Antenna 
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Figure  9*  Damping  Properties  of  VPCO-15080  [7] 
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Figure  10.  Prototype  I  Damper  Geometry 


VISCOELASTIC  MATERIAL 


SECTION  A-A 


Figure  11.  Location  of  Damper  on  Connector 
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DAMPER  MASS  :  50  gm 

OUTPUT  *  10  g*s 

INPUT  :  I  g 

FREQ  :  439 cps 

TEMP  :  80  °F 

MATERIAL  :  VPCO  -  15090 


UNDAMPED  ANTENNA 


DAMPED  ANTENNA 


Figure  12.  Typical  Response  Spectra  for  Antenna  with  and 
without  Prototype  Damper 
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Figure  13.  Variation  of  Amplification  Factor  A  with 
Temperature  for  Antenna  with  Prototype  1 
Attached 
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Figure  14.  Damping  Properties  of  Paracril-D 
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Figure  15,  Geometry  of  Prototype 
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Figure  16.  Variation  of  Amplification  Factor  A  with  Temperature  for 
Antenna  with  Prototypes  2  and  3  Attached 
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Figure  18.  Layout  of  Damper  in  Mold 
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Figure  19.  Geometry  of  Prototype  2 
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Figure  20.  Variation  of  Amplification  Factor  A  with  Temperature  for 
Antenna  with  Prototype  A  Attached  (l  and  5-g  input) 
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Figure  21.  Variation  of  Amplification  Factor  A  with  Temperature  for 
Antenna  with  Prototype  4  Attached  (10  and  20-g  input) 
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Figure  22 •  Damping  Properties  of  Paracril-BJ 
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Figure  23.  Variation  of  Amplification  Factor  A  with  Temperature  for 
Antenna  with  Prototype  5  Attached 
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Figure  24.  Damping  Properties  of  Paracril-BJ  with  50  PHR  Carbon 
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Figure  25.  Variation  of  Amplification  Factor  A  with  Temperature  for 
Antenna  with  Prototype  6  Attached 
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Figure  26.  Variation  of  Amplification  Factor  A  with  Temperature  for 
Antenna  with  Prototype  7  Attached 
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Figure  27.  Damping  Properties  of  Paracril-BJ  with  25  PHR  Carbon 
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Figure  29,  Production  Damner 
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Figure  30.  Production  Damner  Attached  to  Antenna 
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Figure  31.  Production  Damoer  Attached  to  Antenna 
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Figure  32.  Graphs  of  Amplification  Factor  A  Against  Temperature  for 
Antenna  with  Prototype  8  Attached 
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Figure  33.  Graphs  of  Amplification  Factor  A  Against  Temperature  for 
Antenna  with  Production  Dampers  Attached 
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Figure  34.  Graphs  of  Amplification  Factor  A  Against  Temperature  for 
Antenna  with  Production  Dampers  Attached 
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Figure  35.  Graph  of  Amplification  Factor  A  Against  Temperature  for 
Antenna  with  TD-11,  12,  13,  15  and  17  Attached 
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Figure  56.  Graph  of  Amplification  Factor  A  Against  lif e  of  Antenna 
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